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[ 1. Status of B physics J

Want stability of the electroweak scale v = 174 GeV

= postulate new physics at scale Axp with v < Axp S 1 TeV,
In low—energy weak processes effects of new physics are suppressed by a factor
of v?/A%p with respect to the Standard Model.

= study processes with suppressed Standard Model contribution
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[ 1. Status of B physics ]

Want stability of the electroweak scale v = 174 GeV
= postulate new physics at scale Axp with v < Axp S 1 TeV.

In low—energy weak processes effects of new physics are suppressed by a factor
of v?/A%p with respect to the Standard Model.

In flavor-changing neutral current (FCNCs) processes of the Standard Model
several suppression factors pile up:

e FCNCs proceed through electroweak loops, no FCNC tree graphs,
e small CKM elements, e.g. |V;s| = 0.04, |V;4| = 0.01,

2 2
L . m?2  m
e GIM suppression in loops with charm or down-type quarks, o MQC , MQS .
w o My
e helicity suppression factor of —~ or — in radiative and leptonic
My My

decays, because FCNCs involve only left-handed fields.

In generic extensions of the Standard Model these suppression factors are
absent.
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[Experimental status of the unitarity triangle]
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consistent with the Standard Model

CKM mechanism excellently confirmed.
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[Experimental status of b — s’y]

CLEO (9.1 fb] - ; (3.29+0.53)x10™
PRL87,251807(2001
BaBar 81.5 b : - | (3.35 ****)x10*
PRD?2,052004{2005{ -0.51
BaBar [81.5b] , o , (3.92+0.57)x10™
PRL98,022002(2007)
BaBar [210 b ; . | (3.91+1.11)x10™
new
Belle [5.8 o' : . : (3.69+0.95)x10™
PLB511,151{2001)
Belle [140 b7} i F— (3.50+0.44)x10™
PRL93,061803(2004) B
HFAG 2006 —— 3.55+0.26)x10
hep-ex/0603003 g ( ) .
{* simple minded average) —_—— (3.62+0.25)x10
Becher Neubert [PRL98,022003(2p07)]
NNLOQ| [ Misiak et al [PRL98,022002(2007)]
< » Andersen Gardi [JHEPD701,029(2007)]

2 3 4 5
BF(B—X,y) (1 0*) scaled for ET > 1.6 GeV

consistent with the Standard Model prediction within ~ 1.50:

B(B — X,v) = (2.9840.26)-10~* Becher,Neubert 2006
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[Experimental status of CP asymmetries in b — s transitions]
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= S
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Naive average disagrees from
the Standard Model expecta-
tion by 2.20.

Better figure of merit: abso-
lute deviation from the Stan-

dard Model.
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Physics probed:
Unitarity Triangle: b—d,s—d b—u
B — Xg7: br — SI,

C,P in b — s transitions: b — s

= Yukawa sector is the dominant source of flavor violation.

The Standard Model works too well:
Flavor problem of TeV scale physics
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Physics probed:
Unitarity Triangle: b—d, s—d b—u
B — X¢~: br — sL

CP in b — s transitions: b — s

= Yukawa sector is the dominant source of flavor violation.

The Standard Model works too well:
Flavor problem of TeV scale physics

In the Minimal Supersymmetric Standard Model (MSSM) all potential new
sources of flavor violation come from the SUSY breaking sector. The success
of the flavor physics programs at the B factories and the Tevatron severely

constrains the associated parameters in the squark mass matrices.
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| Minimal Flavor Violation (MFV) ]|

If whatever breaks supersymmetry is flavor—blind, the only source of flavor

violation is the Yukawa sector.

= a) The FCNC suppression of the Standard Model essentially stays
intact and new physics is suppressed by a factor of M7, /A%p.
b) Parametric enhancements are still possible, e.g. in scenarios with

large tan 3.
c) MFV still allows for new CP phases, e.g. arg A;.
d) If MFV is realized above the GUT scale, deviations from CKM-

driven FCNCs occur at low energies.

It is difficult to distinguish the Standard Model from MFV new physics
scenarios using global fits of the unitarity triangle.
Better: Rare decays, preferably b — s.
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|Why B, physics?|

e CKM elements in By—Bg mixing are well-known.
e Most CP asymmetries are small in the Standard Model.

e The mixing—induced CP asymmetries in b — s penguin modes can be
studied in B, decays into any final state, while the B; penguin decays
require a neutral K meson. Study B, — ¢¢ and B, — KT K|

e Br(By — {T¢7)> Br(By — £7¢7) in all MFV scenarios.
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[ 2. B—B mixing basics ]

Schrodinger equation:

d (I1B(t)) T\ (I1B(t))
| B(t)) | B(t))
3 physical quantities in B—B mixing:
M
[Mia|, |T'i2|, ¢ =arg <_F—12>
12
Two mass eigenstates:
Lighter eigenstate: | B ) = p| B) +¢| B").
Heavier eigenstate: | By ) = p| B®) —¢| BY) with |p|” + |¢|” = 1.

with masses My, i and widths 'y, .
Here B represents either B, or B;.
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To determine | M5

['12] and ¢ measure

Am = MH —ML ~ 2‘M12|,

r
AT =T, —Ty ~ —AmRe—2 = 2|I'12] cos ¢
M2
and
I'12 I'i2 | .
ags = Im —— = |——|sin ¢.
M2 M2 ?

ags is the CP asymmetry in flavour-specific B decays (semileptonic CP
asymmetry). ag measures CP violation in mixing.

Define the average rate I' = (I'p, + ') /2.
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Standard Model expectations:

B, system B system
Am 0.5ps ! 20 ps !
AT 3.-10 3 ps—? 0.10 ps~1
AT
— 4.107° 0.15
I
AT’ I'1 —3 m%
—_ == 5-107° = O
A Moo COS @ (MVQV
Qfs = Loz sin ¢ —5.10~4 2.107°
Mo ,
1) —09=-5°"=0 (mg 4.107° =0.2°
m
b
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[BS—ES mixing and new physics]

b u,c,t S
Standard Model: > > >
M7, from dispersive part of box,
only internal ¢ relevant;
1o from absorptive part of box,
only internal u, ¢ contribute. < < <
S u,c,t b

New physics can barely affect I'],, which stems from tree-level decays.
M7, is very sensitive to virtual effects of new heavy particles.
= Am ~ 2|M7,| can change.
and in ¢ >~ arg(—M;7,/T'{5) the GIM suppression of ¢, can be lifted.
= |Al'y| = Al's sm | cos ¢ is depleted
and |ag,| is enhanced, by up to a factor of 200 in the B, system.

Ulrich Nierste Bg mixing and supersymmetry page 15



To identify or constrain new physics one wants to measure both the magnitude
and phase of M7,.

Information on arg M7, can be gained from mixing-induced CP asymmetries,
in particular anix(Bs — J/1¢). This requires tagging, which is difficult at
hadron colliders.

Three untagged measurements are sensitive to arg M7{s:

S

1. |AT| = AT's sm | cos ¢s| = 'Re 152 Amg
M7,
2. ag, = —132 sin ¢ = Im 152
M7, 12

. (—)
3. the angular distribution of B, — V'V’ where V', V' are vector bosons.

S

= Want good theoretical control of —132
12
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[ 3. Improved prediction of I}, ]

I'15 in By—By mixing with ¢ = d or ¢ = s involves two

b
local four-quark operators: )
Q@ = 970 9.7 0L
Qs = qrbrqrbr g b
Theoretical uncertainty dominated by matrix element:
) 2 5 49
(Bq|QIBy) = Sm¥ f3, B
_ 5 Mg
B B,) = —— M; z > B

The hadronic parameters f%q B and f%q Bg must be computed with lattice
QCD. f%q is the decay constant of the B, meson.
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The mass difference Am, only involves the operator (), so that

— 2
Amq o (Bq|QIBy) = Zm3 f3, B

Our 1998 prediction including corrections of order s and Agcp/myp:

AFS fB ’
— S 006 B + 0.172Bg — 0.063
T (21OI\/IeV> 00065 + 5 |

Pathological situation: Both the 1/m; and oy corrections are large and
decrease Al',, leading to large uncertainties. Moreover Bg dominates over B,
so that Al'y/Amg depends on Bg/B.

But: These pathologies are an artifact of a poorly chosen operator basis.
A. Lenz, U.N., hep-ph/0612167
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One can elimininate ()5 in favour of
Vo, — gt Bl g pi
Qs = Spbg 5.0k

where 7, 5 are colour indices, which reshuffles terms between the leading order
and the sub-leading orders in o and Agcp/me.

The matrix element of @5 is almost five times smaller than that of (Jg:

B.Os|BY = Lz, M 2o
SIESIZS) ™ 19 7B (1 g )2 Be 7O

Becirevic et al. (2001) find Bg = 0.91 + 0.09.
Shigemitsu (HPQCD), Lattice 2006: f5_1/Bg = 245 + 19 MeV.
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Using the new operator basis:

AT IB.
r 240 MeV

= 0.15£0.05 for fp, = 240 £ 40 MeV.

2
) [O.lGOB + 0.058 Bg — 0.041}

= AI'; is now dominated by the term proportional to B and the 1/m,
corrections are smaller.

fB. drops out from Al'g/Amg. Including the uncertainties of the coefficients:

~

AT, B
34+ 6+ (17 + 1);] 1074

Amy

= (50+9)-10"*

Here the matrix elements of the 1/my-suppressed operators are evaluated in
the vacuum insertion approximation (i.e. bag factors set to 1).

AT

Al'y =
Amg

AmSP = (0.088 £ 0.017) ps~*.
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[ 4. Generic new physics ]

The phase ¢, = arg(—Mi5/1"12) is negligibly small in the Standard Model:
PM = 0.2°.

Define the complex parameter A, through
M, = MY A, A, = \Aslew?.
In the Standard Model A, = 1.

The CDF measurement

Amg = (17.77+0.10 £ 0.07) ps~*

and
fe. VB = 221 + 46 MeV
imply
Ay = 0.92 4 0.32(p) % 0.01(yp)
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To further constrain A, we have analysed the CDF data on Am, and the DQ@

data on

e the semileptonic CP asymmetry ag,,

e the angular distribution in (EQ — J /¢ and
o Al..

Everything presented here only uses 2006 data.

Ulrich Nierste Bg mixing and supersymmetry
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Constraints on the complex A, plane:

=32 1 0 1 2

We find a deviation from the Standard Model by 2.

Ulrich Nierste Bg mixing and supersymmetry page 23



[A closer look at ¢4 = arg AS]

The angular distribution in (ES) — J /1@ is sensitive to sin(¢2 — 23,), where
B, = 1.1° is the phase of the relevant combination of CKM elements. D@ finds

sin(¢ — 28,) = ~0.7170'5;

and another solution with opposite sign. D@ measures a combination of the
semi-leptonic CP asymmetries in By and By decays:
a1 = (0.58 £0.03) a? + (0.42 £ 0.05) a)
= (—2.8 £ 1.3(stat) £ 0.9(syst)) - 1077

Using the theory prediction for agl = —0.0005 4= 0.0001 this implies:

sl

sin o2
- Al = —1.05 £ 0.20(th) &= 0.78(exp)

ay = (—6.0 & 3.2(star) £ 2.2(5yst)) - 107°
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Assuming |Ag| = 1 the two constraints combine to
SiD(ng - 263) = —0.77 % 004(th) + O°34(exp)7

which deviates from the Standard Model value sin(—23,) = —0.04 by 20.

Relaxing |Ag| = 1 lowers both the central value and the error, but keeps the
deviation at 20.
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[ 5. Supersymmetry with large tan (3 ]

in collaboration with Martin Gorbahn, Sebastian Jager and Stéphanie Trine

Tree-level Higgs sector of the MSSM:
type-ll Two-Higgs-doublet model (2HDM):

2 VEV's: vy, vg, tan 8 = v, /vg.
5 Higgs fields:
H* A° HP hY
charged CP-odd CP-even CP-even

Right—handed down-type quarks d% (I = 1,2,3) only couple to H, with
(HY) = v, while the right-handed up-type quarks u%, only couple to H,, with
<H2> = Uy
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The tree-level relations between the Yukawa couplings v, y; and the bottom
and top masses are:

Mp = YpUq = YpU COS B, My = YUy = Yy SIn

with v = /v + v2 = 174 GeV.

= 1, = O(1) possible for tan 3 ~ 50.

Motivation:

e tan 3 ~ 50 < y,—y; unification (probes minimal SO(10))

e g — 2 invites large tan j3.
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Large tan [ scenarios are usually studied in an effective field theory framework,
which is exact for Mgusy > M g0, Mo, Mg+, Mpo,v.

The SUSY-breaking terms lead to loop—induced
couplings of H, to the dL's:
For v, > v, their contribution to m; competes

with the tree—level term.

Hall, Rattazzi, Sarid
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Large tan [ scenarios are usually studied in an effective field theory framework,
which is exact for Mgysy > M a0, Mo, M+, Mo, v.

The SUSY-breaking terms lead to loop—induced
couplings of H, to the dL's:
For v, > wg4 their contribution to m; competes

with the tree—level term.

Hall, Rattazzi, Sarid

The resulting Higgs sector is a general 2HDM with sizable FCNC couplings of
A and HY, even for MFV. Hamzaoui, Pospelov, Toharia; Babu, Kolda

Yukawa interaction of neutral Higgs fields:
Ly = k" dRd] (cos Bhy" — sin Bhy") + k7' dydy, (cos Bhy — sin Bhy)

AN
FCNC couplings
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In the effective theory the diagrams for B, —B, mixing and By — u" = are
tree—level:

B(Bs — p* ) could be enhanced dramatically, the experimental upper
bound B (B, — putpu~) <20-BM(B, — uTpu~) already severely
constrains the MSSM parameter space.

However: In B,—B, mixing the leading contribution,

H,h,A _ sin*(a—fB) cos?(a—pB) 1
________ X f — M2 —I_ M2 _ M2 )
H h A
qr qr

vanishes, if the tree—level relationship between the masses and the mixing
angles a, (3 is used.

Hamzaoui, Pospelov, Toharia; Babu, Kolda
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Trading one brqy for brqr brings a suppression factor of m, /my, but the
Higgs propagators give something non—zero. Only relevant for ¢ = s.
Correlation: Am, decreases with increasing B(B, — pup™).
Buras, Chankowski, Rosiek, Stawianowska
Recent updates: Carena, Menon, Noriega-Papaqui, Szynkman, Wagner
Carena, Menon, Wagner

Altmannshofer, Buras, Guadagnoli, Buras,

. , m
But: There are other subleading effects, can they compete with the —> terms?
mp
Here: Discuss SUSY loop corrections to the Higgs sector.

Previous work: Parry 2006: corrections to M}, g 4, «, 3 with FeynHiggs pack-
age, found huge effects
M;
M2 — M2

Freitas, Gasser, Haisch 2007: correction 0F~ o

large for My ~ Mj,.

Ulrich Nierste Bg mixing and supersymmetry page 31



Caution: There are many cancellations at work. We take them into account by
matching the MSSM Higgs potential to the Higgs potential of a general

2HDM.
Earlier work: Haber, Hempfling 1993; Carena, Espinosa, Quirés, Wagner 1995

The general 2HDM involves 7 quartic self-couplings:
V = m} H Hy +miH H, + [m3yH,-Hy +hc] +
A A
CHH Ha)? + SHHHL)? + A Hy HaHY Hy + M HHyHSH, +

2

A
ES(Hu'Hd)Q ~NeH}Hy H, -Hy — \H{H, H,-Hy + h.c.

MSSM at tree—level: A{ =Xo=—X3 and A5 =g =7 =0
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1
Recalling that m7, = sin Bcos M3 = O

), one observes that V and Ly

tan
are invariant under a PQ—type symmetry for tan 3 — oo:
Ulpq:  Qeq(Ha) = Qeqldg) = 1,  Qpeq(other) = 0.

bR ho ho* bR
Understand better, why leading effect is zero: a5, 4

qL dr

ER hO bL
Known subleading O(m,/my,) effect: 2

qL dr
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Systematic treatment:

Calculate all terms in V and Ly which in- Hu\ QL /Hd
volve one power of a small PQ-symmetry N\)”—\’\/N
breaking parameter. Most relevant term in MR/">\_/(/I\uR
V' is the loop-induced As: Hd/ QL \Hu

Include all PQ—symmetry breaking and all parametrically small (e.g.
suppressed by m,/my,) contributions to B, —B, mixing at tree—level (using
the effective lagrangian).

1

Calculate PQ—-symmetry conserving contri- E
L

=

butions to B, — B, mixing at one—loop.

S

=
2
______>____

Y

Study higher—dimensional operators, which give effects of order
O(v*/Mgysy).
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AM g/AM SV

150 200 250 300

for quv: Mfgv =0.8TeV, A;p =1TeV, p=12TeV.
Effect hardly exceeds 5%.

= B,—By mixing not sensitive to Higgs self-couplings.
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[ 6. Conclusions ]

e B, physics is a better place to look for new TeV scale physics than global
fits to the unitarity triangle.

e A better theory predictions for I'{, is available, which improves the
analyses of AI's and ag,. In particular

ATSM = (0.088 4+ 0.017) ps~!

e Tevatron experiments start to constrain the CP-violating phase of M.
2006 D@ data show a 20 deviation of ¢=* from the Standard Model value
o5 = 0.

e In the MSSM with large tan 3 large contributions to B, —B, mixing from
the Higgs potential were claimed. A systematic treatment shows that
these effects are small. Also loop contributions to B, —B, mixing
involving Higgs bosons turned out to be small.

The Higgs potential does not challenge the previously known correlation

between B(B, — 1) and By —Bg mixing.
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